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Objective: To determine the temporal expression of angiotensin-converting enzyme 2 (ACE2), a receptor for SARS-CoV-2, in dominant
follicles throughout the periovulatory period in women and the regulatory mechanisms underlying ACE2 expression in human
granulosa/lutein cells (hGLC).
Design: Experimental prospective clinical study and laboratory-based investigation.
Setting: University Medical Center and private in vitro fertilization center.
Patient(s): Thirty premenopausal women undergoing surgery for tubal ligation and 16 premenopausal women undergoing in vitro
fertilization.
Intervention(s): Administration of human chorionic gonadotropin (hCG) and harvesting of preovulatory/ovulatory follicles by timed
laparoscopy, and collection of granulosa/lutein cells and cumulus cells at the time of oocyte retrieval.
Main Outcome Measure(s): Expression and localization of ACE2 in granulosa cells and dominant follicles collected throughout the
periovulatory period of the menstrual cycle and in hGLC using quantitative polymerase chain reaction, immunoblotting, and
immunohistochemistry.
Result(s): ACE2 expression (mRNA and protein) is up-regulated in human ovulatory follicles after administration of hCG. ACE2
expression was higher in cumulus cells than in granulosa cells. hCG increased the expression of ACE2 in primary hGLC cultures;
the increase was inhibited by RU486 (an antagonist for progesterone receptor and glucocorticoid receptor) and CORT125281 (a
selective glucocorticoid receptor antagonist), but not by AG1478 (an EGF receptor tyrosine kinase inhibitor) or by dexamethasone.
Conclusion(s): The hormone-regulated expression of ACE2 in granulosa cells suggests a potential role of ACE2 in the ovulatory
process. These data also imply the possible impact of COVID-19 on a vital cyclic event of ovarian function and thus on women's
overall reproductive health. However, SAR-CoV-2 infection in ovarian cells in vivo or in vitro has yet to be determined. (Fertil
Steril� 2021;116:1631-40. �2021 by American Society for Reproductive Medicine.)
El resumen está disponible en Español al final del artículo.
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However, this role of ACE2 in viral
ed August 5, 2021; published online August 11,

sclose. M.B. has nothing to disclose. J.W.A. has
se. M.J. has nothing to disclose.
), R03HD095098 (to M.J.), and R01HD096077 (to
ent Shared Resource Facility of the University of
).
stetrics and Gynecology, Chandler Medical Cen-

xington, KY (E-mail: mjo2@uky.edu).

1 0015-0282/$36.00
Medicine, Published by Elsevier Inc.
cellular entry is in contrast to its orig-
inal reported function as a component
of the renin-angiotensin system (RAS).

Initially, ACE2 was described as a
zinc metalloprotease that is capable of
catalyzing the conversionof angiotensin
I (Ang I) and angiotensin II (Ang II) to
angiotensin-(1–9) and angiotensin-(1–
7), respectively (2, 3). ACE2 displays
high homology to human angiotensin-
converting enzyme (ACE) (2, 4). ACE is
well known for its ability to convert
inactive angiotensin (Ang I) into the
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functionally active hormone (Ang II) (5). The best-elucidated
actions of Ang II include vasoconstriction, stimulation of aldo-
sterone and vasopressin secretion, vascular smoothmuscle pro-
liferation, and renal tubular sodium reuptake, thereby
regulating body fluid volume, electrolyte balance, and arterial
pressure (6, 7). These effects of Ang II are tightly controlled by
ACE2, whose function is to limit the locally available Ang II
concentration by rapidly hydrolyzing Ang II to Ang-(1–7) (8).
Ang-(1–7) has also been shown to enhance vasodilation and
exert antioxidative, antiinflammatory, and proresolution ef-
fects, likely through activation of the G protein-coupled recep-
tor MAS1 (MAS1 proto-oncogene) (9). Therefore, ACE2
functions as a key counter-regulatory enzyme in the RAS. In
addition to its role in the RAS, ACE2 can cleave other peptide
substrates, such as neurotensin, kinetensin, des-Arg bradyki-
nin, and apelin-13, -17, and -36 (2, 10). Besides these enzymatic
functions, ACE2 was identified as a binding site for human co-
ronavirus (HCoV-NL63) and thehumansevere acute respiratory
syndrome coronaviruses, SARS-CoV and SARS-CoV-2 (11).
The spike proteins on the surface of SARS coronaviruses bind
to ACE2 on its target cells, initiating virus–cell membrane
fusion and ultimately resulting in viral replication inside the
host cells (11).

ACE2 mRNA is detected in most human tissues exam-
ined, yet the detection of ACE2 protein is limited to several
tissues, including the lung, kidney, heart, and intestine (12).
Specifically, abundant ACE2 expression is localized to lung
alveolar epithelial cells, enterocytes of the small intestine,
and vascular endothelial cells of the heart and kidney (13).
The testis is also among the tissues that express high levels
of ACE2 (mRNA and protein) (14). In contrast, little is known
about the expression pattern of ACE2 in the human ovary.
Two public databases for protein expression profiles (the Hu-
man Protein Atlas and GeneCards) contradict each other; the
latter suggests a high expression of ACE2, whereas the former
indicates little or no expression. A limited number of studies
documented the expression of ACE2 in the ovary of animals
(15, 16). Pereira et al. (16) reported that ACE2 expression was
increased in the theca/interstitial layer of the immature rat
ovary when eCG was administered to stimulate follicle devel-
opment. In the bovine ovary, the follicular levels of ACE2
mRNA are transiently down-regulated during the ovulatory
period (15). As a proxy indicator of ACE2 expression, Ang
II and Ang-(1–7) were reported to be present in the ovaries
of multiple species (15–18). Previous studies showed that
Ang II and Ang-(1–7) stimulated steroid hormone
production and enhanced ovulation and oocyte maturation
in rats, rabbits, and cattle (17, 19–22). Similarly, Ang-(1–7)
was detected in the follicular fluid of women undergoing
in vitro fertilization (IVF); the level of this heptapeptide was
correlated clinically with the oocyte maturation rate (23).

The ovary undergoes constant remodeling and cyclic
ovulation that require precisely controlled angiogenesis and
an acute inflammatory response (reviewed in Duffy et al.
[24]). Given that ACE2 has been shown to play an important
role in both angiogenesis and inflammatory responses, it is
conceivable that this enzyme is expressed and involved in these
processes in the human ovary. Moreover, accumulating evi-
dence indicates that SARS-CoV-2 can infect multiple organs,
1632
including the ovary (25), but the long-term health impact of
COVID-19 has yet to be determined. Therefore, it is critically
important to assess the expressionofACE2 in thehumanovary.
In the present study, we sought to characterize the expression
pattern of ACE2 (mRNA and protein) using dominant follicles
collected before the luteinizing hormone (LH) surge and
throughout the periovulatory period from naturally cycling
women with ovulation induced by human chorionic gonado-
tropin (hCG), and to analyze the cellular regulatorymechanisms
controlling ACE2 expression using primary human granulosa/
lutein cells (hGLC).

MATERIALS AND METHODS
Materials

Unless otherwise noted, all reagents were purchased from
MilliporeSigma (St. Louis, MO) or Thermo Fisher Scientific
(Waltham, MA). CORT125281 was kindly provided by
Corcept Therapeutics (Menlo Park, CA).

Human Tissue Collection

The protocol using human tissues was approved by the Hu-
man Ethics Committee of the Sahlgrenska Academy at the
University of Gothenburg, and all patients gave informed
written consent before participating. Whole follicles were
collected from patients throughout the periovulatory period,
as previously described (26). Women aged 30 to 38 years
with regular menstrual cycles who had not used hormonal
contraceptives for at least 3 months before enrollment in
the study underwent laparoscopic sterilization. The women
were monitored by transvaginal ultrasound for two or three
menstrual cycles before surgery to ascertain cycle regularity
and to monitor the growth of a dominant follicle during the
follicular phase. These patients were divided into four groups:
preovulatory, early ovulatory, late ovulatory, and postovula-
tory. In the preovulatory group, surgery was performed when
the follicle reached >14 and %17.5 mm in diameter before
the endogenous LH surge. These patients were not given hCG.

The remaining women were given recombinant hCG (Ovi-
trelle, 250 mg) and were divided into three groups: early ovula-
tory (surgery 12 to %18 hours post-hCG), ovulatory (surgery
between >18 to %34 hours post-hCG), and post ovulatory
phase (surgery >44 to %70 hours post-hCG). To confirm that
these patients followed a normal hormonal pattern before the
LH surge or after hCGadministration, blood sampleswere taken
at the time of surgery and serum progesterone and estradiol
levelsweremeasured (27). Thewhole intact follicle/early corpus
luteum was removed with laparoscopic scissors and processed
for either immunohistochemical or gene expression analysis.
The follicle was bisected, andmural granulosa cells were gently
scraped off from the interior of the follicle with small tissue for-
ceps. For the gene expression study, the follicular fluid and cell
suspension were combined and centrifuged at 500g to pellet
and collect granulosa cells. For the immunohistochemistry
study, the dominant follicles were fixed as described below.

Human Granulosa/Lutein Cell Cultures

Human granulosa/lutein cells (hGLC) were obtained from as-
pirates of patients undergoing IVF. The collection protocol
VOL. 116 NO. 6 / DECEMBER 2021
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was approved by the Institutional Review Board of the Uni-
versity of Kentucky Office of Research Integrity. Ovarian hy-
perstimulation was induced by the administration of
recombinant human follicle-stimulating hormone in individ-
ualized doses to patients at the Bluegrass Fertility Center (Lex-
ington, Kentucky). The IVF patients were then given hCG
(10,000 U) on days 9 to 11 when one lead follicle reached
18 mm in diameter or two lead follicles reached 16 mm in
diameter, and the dominant follicles were aspirated 36 hours
later. The experiments with hGLC were performed as
described previously (26, 28). Briefly, immediately after
retrieval of the cumulus oocyte complexes, the remaining
cells in the aspirates were subjected to Percoll gradient centri-
fugation to remove red blood cells. Cells from patients aged 24
to 40 years with nonovarian etiologies (e.g., male factor and
egg donor) were used. The isolated cells were first examined
under the microscope for their morphology, counted, and re-
suspended in OptiMEMmedium supplemented with 10% fetal
bovine serum and antibiotic-antimycotic and then seeded
onto culture plates (2.5 � 105 cells/mL). The cells were accli-
matized for 6 days, and the medium was changed every 24
hours. At the end of acclimation, the hGLC were treated
with or without hCG (1 IU/mL) in the absence or presence of
various reagents described in the Results section and cultured
for the stated number of hours in OptiMEM medium supple-
mented with antibiotics–antimycotics.

Immunohistochemistry

The follicles were fixed in 4% formaldehyde, embedded in
paraffin, and sectioned at 7 mm. Immunostaining was per-
formed in the Markey Biospecimen Procurement and Transla-
tional Pathology Shared Resource Facility at the University of
Kentucky, as previously described (28). Briefly, heat-induced
epitope retrieval was performed in a BiocareMedical Decloak-
ing chamber using Dako's low pH Target Retrieval Solution.
Primary antibody incubation was performed at 4oC overnight
for ACE2 (MilliporeSigma, HPA000288, 1:200 dilution) and
for 2 hours at room temperature for platelet and endothelial
cell adhesion molecule 1 (PECAM1) (Roche Diagnostics, Ne-
derlands JC70 monoclonal antibody, predilute), respectively.
Rabbit IgG was used in place of primary antibodies as a nega-
tive control. Antibody staining was detected with an appro-
priate Immpress alkaline phosphatase kit and Vector Red AP
chromogen (Vector Laboratories, Burlingame, CA).
Gene Expression Analysis

The levels of mRNA for ACE2 were measured by a previously
described method (28). Briefly, total RNA was isolated from
granulosa cells using an RNeasy mini kit (Qiagen, German-
town, MD). The synthesis of the first-strand cDNA was per-
formed by reverse transcription of 500 ng of total RNA
using superscript III. The levels of mRNA for the genes exam-
ined were measured by quantitative polymerase chain reac-
tion (qPCR) using Brilliant 3 Ultra-Fast SYBR green
(Stratagene, Santa Clara, CA). Oligonucleotide primers corre-
sponding to ACE2 were designed using Primer3 software
(5'-GGTGGGAGATGAAGCGAGAG-3', 5'-ACATGGAACA-
GAGATGCGGG-3'). The relative abundance of the target
VOL. 116 NO. 6 / DECEMBER 2021
transcript was normalized to internal reference genes
(Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for
in vivo sample and RNA, 18S ribosomal 5 (RNA18S5) for
in vitro sample) as previously described (26, 28) and calcu-
lated according to the 2-DDCT method (29).
Western Blot Analysis

Nuclear extracts were isolated from cultured cells, denatured,
run on a 10% polyacrylamide gel, and then transferred onto a
nitrocellulose membrane as described previously (28). The
membrane was incubated overnight at 4�C in 5% skim milk
in Tris-buffered saline including 0.1% Tween-20 solution
containing primary antibodies against ACE2 (MilliporeSigma,
HPA000288, 1:100 dilution) and ACTB (Santa Cruz Biotech-
nology, Dallas, TX, sc-47778, 1:1,000 dilution). The blots
were incubated with the respective secondary HRP-
conjugated antibody for 1 hour at room temperature. Perox-
idase activity was visualized using the SuperSignal West Pico
Chemiluminescent Substrate.
Statistical Analyses

All data are presented as means � SEM. Data were tested for
homogeneity of variance by Levene's test, and log transfor-
mations were performed as appropriate. The paired sample
t-test or analysis of variance was used to test differences be-
tween cell types in levels of mRNA for ACE2, or throughout
the time of tissue collection or time of culture, or among treat-
ments in vitro, as appropriate. If the test revealed significant
effects, the means were compared by Duncan's test, with
P< .05 considered to indicate statistical significance.

RESULTS
Expression of ACE2 in Dominant Follicles During
the Ovulatory Period

To determine whetherACE2 is expressed and regulated in hu-
man preovulatory follicles during the ovulatory period, the
levels of mRNA forACE2were assessed in granulosa cells iso-
lated from dominant follicles collected during the preovula-
tory, early ovulatory, late ovulatory, and postovulatory
phases. The levels of mRNA for ACE2 were markedly
increased in granulosa cells during the early and late ovula-
tory phases (>40-fold) compared with those obtained before
hCG administration (Fig. 1). After ovulation, the levels of
ACE2 mRNA in granulosa cells of postovulatory follicles
were similar to those of dominant follicles collected during
the early and late ovulatory phases, but higher than those
of dominant follicles collected before hCG administration
(Fig. 1A). Next, to determine whether ACE2 is also expressed
in cumulus cells of ovulatory follicles, we collected granulosa
cells and cumulus cells from women undergoing IVF proced-
ures at the time of oocyte retrieval. As shown in Figure 1B, we
found abundant expression of ACE2 in cumulus cells of
ovulatory follicles. The levels of mRNA and protein for
ACE2 were higher in cumulus cells than in granulosa cells
from all patients tested.

To determine whether the increase in ACE2 mRNA levels
translated to ACE2 protein and what types of cells expressed
1633



FIGURE 1

Levels of mRNA for angiotensin-converting enzyme 2 (ACE2) in granulosa cells (GCs) and cumulus cells of periovulatory follicles. (A) Dominant
follicles were retrieved from the ovaries of women undergoing laparoscopic tubal sterilization before the luteinizing hormone surge or at
various times after recombinant human chorionic gonadotropin administration and divided into four phases: preovulatory (Pre, n ¼ 6), early
ovulatory (EO, n ¼ 5), late ovulatory (LO, n ¼ 6), and postovulatory (PO, n ¼ 2). The levels of mRNA for ACE2 were measured by quantitative
polymerase chain reaction (qPCR) in granulosa cells isolated from a dominant follicle collected at Pre, EO, and LO and whole follicles retrieved
at PO and normalized to the levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA in each sample. The levels are presented as
fold change to Pre values. Bars with no common superscripts are significantly different (P<.05). (B) Cumulus cells and granulosa cells were
collected at the time of oocyte retrieval from women undergoing a standardized in vitro fertilization procedure. a) The levels of mRNA for ACE2
were measured by qPCR and normalized to the levels of RNA, 18S Ribosomal 5 (RNA18S5) in each sample (n ¼ 5 independent samples).
*P<.05. b) A representative Western blot image detecting ACE2 protein. The samples loaded were from indicated independent patients. ACTB
detection in each lane was used as a protein loading control.
Choi. ACE2 expression in the human ovary. Fertil Steril 2021.
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ACE2, the dominant follicles collected throughout the perio-
vulatory phases were analyzed by immunohistochemistry.
Staining for ACE2 was negligible in the granulosa cells and
theca cell layer of dominant follicles obtained before the
endogenous LH surge (Fig. 2A). In dominant follicles obtained
during the early ovulatory phase, positive staining for ACE2
became evident in the granulosa cells and theca cell layer
(Fig. 2B). During the late ovulatory period, intensive staining
of ACE2 was localized to both the granulosa cells and theca
layer of dominant follicles (Fig. 2C and D). Interestingly,
some cells in the granulosa and theca layer showed more
robust staining (arrows) compared with the rest of the cells
in late ovulatory follicles. This concentrated immunopositive
staining of ACE2 was more prominent in the late ovulatory
follicles that showed the morphologic changes typical of fol-
licles immediately before ovulation (e.g., dispersed granulosa
1634
cells, dissolution of the basement membrane, and thinning of
the theca interna layer) (Fig. 2D). In addition to the granulosa
and theca cell layers, intense staining of ACE2 was detected
throughout the stroma layer of late ovulatory follicles
(Fig. 2D, wavy arrow). After ovulation, staining of ACE2
was persistent in both the granulosa and theca lutein cells
of the postovulatory follicle as well as in the stroma layer,
showing intense staining in some, but not all, follicular cells
(arrows and wavy arrows in Fig. 2E and F).

In the ovary, endothelial cells and leukocytes infiltrate
into the granulosa and theca cell layer of ovulating follicles
during transformation of the follicle into the corpus luteum
(30). With the current finding that a subpopulation of cells
in the granulosa and theca cell layer exhibited intense stain-
ing of ACE2, we questioned whether ACE2 was expressed in
infiltrating endothelial cells and leukocytes. Therefore, serial
VOL. 116 NO. 6 / DECEMBER 2021



FIGURE 2

Expression pattern of angiotensin-converting enzyme 2 (ACE2) protein in periovulatory follicles. Dominant follicles were retrieved from the ovaries
of women undergoing laparoscopic tubal sterilization before the luteinizing hormone surge or at various times after recombinant human chorionic
gonadotropin administration. The paraffin-embedded sections of dominant follicles obtained at various time points (A, preovulatory phase, n¼ 2;
B, early ovulatory phase, n ¼ 4; C and D, late ovulatory phase, n ¼ 4; E, late ovulatory phase, n ¼ 1) were subjected to immunohistochemical
analyses to detect ACE2 protein. The sections in C and D are from different patients obtained from the late ovulatory period. F is an antrum
region of the postovulatory follicle shown in panel E. Pink/red staining indicates positive signals for ACE2. All sections were lightly stained with
hematoxylin (blue staining) for nuclear counterstaining. Arrows point to granulosa and theca cells where intense staining for ACE2 was
detected. Wavy arrows point to ACE2 staining in the stroma layer. GC ¼ granulosa cells; GLC ¼ granulosa lutein cells; RBC ¼ red blood cells;
TC ¼ theca cells; TLC ¼ theca lutein cells; Scale bar in A ¼ 100 mm.
Choi. ACE2 expression in the human ovary. Fertil Steril 2021.
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sections of late ovulatory and postovulatory follicles used to
detect ACE2 protein were evaluated for PECAM1, which was
known to be expressed on the surface of endothelial cells,
platelets, monocytes, neutrophils, and some types of
T cells (31). As expected, immunopositive staining for PE-
CAM1 was localized to endothelial cells lining various types
of blood vessels and leukocytes inside blood vessels surround-
ing the ovulatory and postovulatory follicles (Fig. 3A and E).
PECAM1 staining was also detected in endothelial cells
located between the granulosa and theca interna layer
throughout the late ovulatory follicle (Fig. 3B, arrows) and
the theca lutein layer of the postovulatory follicle (Fig. 3F, ar-
rows). However, the endothelial cell and leukocyte expression
of PECAM1 in the ovulatory and postovulatory follicles was
not colocalized to the distribution of ACE2 (the arrows in
Fig. 3F and H point to the same location).

Regulation of ACE2 Expression in Human
Granulosa Cells

To investigate the cellular mechanisms underlying the
marked upregulation of ACE2 expression in periovulatory
follicles after hCG administration in vivo, we used primary
VOL. 116 NO. 6 / DECEMBER 2021
hGLC that were acclimated in cultures for 6 days without
any hormone treatments to regain hCG responsiveness. As
shown in Figure 4A, we found that hCG treatment increased
the expression of ACE2 at the levels of both mRNA and
protein compared with that in control samples, similar to
that observed during the periovulatory period of the men-
strual cycle.

Next, to determine whether the hCG-induced increases in
ACE2 expression were mediated by key ovulatory mediators,
such as the EGF receptor signaling, progesterone/progesterone
receptor (PGR) or glucocorticoids/glucocorticoid receptor
(NR3C1), the hGLC were treated with or without hCG in the
absence or presence of AG1478 (an EGF receptor inhibitor),
RU486 (a dual antagonist of progesterone receptor and gluco-
corticoid receptor), CORT125281 (a selective NR3C1 antago-
nist), or dexamethasone (a synthetic glucocorticoid). As
expected, hCG increased ACE2 expression, but the hCG-
induced increases were completely abolished by RU486 at
both 24 and 36 hours (Fig. 4B). CORT125281 treatment also re-
sulted in a partial reduction of hCG-inducedACE2 expression
at both time points. In contrast, neither AG1478 nor dexa-
methasone affected basal or hCG-induced ACE2 expression.
1635



FIGURE 3

Comparison of the expression pattern between platelet and endothelial cell adhesion molecule 1 (PECAM1) and angiotensin-converting enzyme 2
(ACE2) in late ovulatory and postovulatory follicles. Dominant follicles were retrieved from the ovaries of women undergoing laparoscopic tubal
sterilization. The serial sections of dominant follicles obtained during the late ovulatory (A and B) and postovulatory (C and D) phases were
subjected to immunohistochemical analyses to detect PECAM1 and ACE2. The square bars in A, C, E, and G are amplified in B, D, F, and H,
respectively. PECAM1 was used to detect endothelial cells; it also stained a subpopulation of leukocytes. Asterisks in F and H were used to
locate the same structure in the serial sections of the same postovulatory follicle. Pink/red staining indicates positive signals for PECAM1 and
ACE2. All sections were lightly stained with hematoxylin (blue staining) for nuclear counterstaining. Arrows (B, D, F, H) and arrowheads (E)
point to endothelial cells and leukocytes stained with PECAM1, respectively. GC ¼ granulosa cells; GLC ¼ granulosa lutein cells; TC ¼ theca
cells; TLC ¼ theca lutein cells. Scale bar in A ¼ 100 mm.
Choi. ACE2 expression in the human ovary. Fertil Steril 2021.
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DISCUSSION
In women throughout their reproductive years, the ovary un-
dergoes a series of cyclic changes during the menstrual cycle,
culminating in ovulation. The preovulatory LH surge initiates
these cyclic changes by inducing the expression of specific
genes. The encoded products of these ovulatory genes exert
their biological actions to bring about necessary cellular
and extracellular changes required for ovulation and corpus
luteum formation. In the present study, we showed that the
expression of ACE2, an enzyme with carboxypeptidase activ-
ity and a primary receptor for SARS-CoV-2, is rapidly and
dramatically induced after hCG administration in dominant
follicles obtained from naturally cycling women throughout
the periovulatory period. Using the primary hGLC model
that can recapitulate key ovulatory changes in gene expres-
sion, this study provided further experimental evidence that
the ovulatory induction of ACE2 expression was mediated
by hCG and the hCG-induced steroid hormones progesterone
and glucocorticoids in ovulatory follicles. Another note-
worthy finding is the higher expression of ACE2 in cumulus
cells than in granulosa cells collected immediately before
ovulation. Together, this novel information not only suggests
the potential involvement of ACE2 as a critical enzyme for the
1636
LH surge-induced cyclic events of ovulation, cumulus expan-
sion, oocyte maturation, and luteal formation, but also
implies a possible impact of COVID-19 on vital cyclic ovarian
functions and thus on women’s overall reproductive health.

To the best of our knowledge, our comprehensive in vivo
study is novel in that it is the first report documenting the
ovulatory induction of ACE2 expression in naturally cycling
women and the only report showing the dramatic and rapid
upregulation of ACE2 expression after ovulatory induction
in any species studied so far. In cattle, ACE2 mRNA levels
were initially down-regulated in granulosa cells after induc-
tion of the LH surge but increased back to the preovulatory
level 24 hours after gonadotropin-releasing hormone injec-
tion, whereas no changes were observed in thecal levels of
ACE2 mRNA throughout the periovulatory period (15). No
significant changes in the ACE2 expression pattern were
observed in preovulatory follicles obtained before and
throughout the ovulatory period in the nonhuman primate
(Supplemental Fig. 1, available online) (32). In the mouse
ovary, the ACE2 mRNA profile showed low abundance
without a clear pattern throughout follicular development
and the ovulatory period (http://okdb.appliedbioinfo.net
and Supplemental Fig. 2). Therefore, our data indicate that
VOL. 116 NO. 6 / DECEMBER 2021

http://okdb.appliedbioinfo.net


FIGURE 4

Regulation of angiotensin-converting enzyme 2 (ACE2) expression in human granulosa cells. Human granulosa/lutein cells (hGLC) obtained from
women undergoing a standardized in vitro fertilization procedure were acclimated for 6 days. (A) hGLC were treated without (Control) or with
human chorionic gonadotropin (hCG) (1 IU/mL) for 0, 12, 24, and 36 hours. Right panel: The levels of mRNA for ACE2 were measured by
quantitative polymerase chain reaction (qPCR) and normalized to the levels of RNA, 18S ribosomal 5 (RNA18S5) in each sample (n R7
independent samples). Bars with no common superscripts are significantly different (P<.05). Left panel: Representative Western blot image
detecting ACE2 protein. ACTB detection in each lane was used as a protein loading control. The experiments were repeated three times, each
with independent samples. (B) The cells were treated without (Control) or with hCG in the presence or absence of AG1478 (10 mM), RU486
(20 mM), CORT125281 (50 mM), or dexamethasone (20 mM) for 24 and 36 hours. Right panel: The levels of mRNA for ACE2 were measured by
qPCR and normalized to the levels of RNA18S5 in each sample (n ¼ 7 independent patient samples). Bars with no common superscripts are
significantly different (P<.05). Left panel: A representative Western blot image detecting ACE2 protein. ACTB detection in each lane was used
as a protein loading control. The experiments were repeated three times, each with independent patient samples.
Choi. ACE2 expression in the human ovary. Fertil Steril 2021.
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the dramatic upregulation of ACE2 expression is specific to
human ovulatory follicles and further point to the differences
in specific mechanisms underlying the ovulatory process
among different species. Of note, in the present study, hCG
VOL. 116 NO. 6 / DECEMBER 2021
(rhCG for in vivo and urinary hCG for in vitro studies) was
given to patients to mimic the endogenous LH surge. This
was done to control exactly when the ovulatory trigger was
initiated in individual patients. Therefore, it remains to be
1637
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determined whether the endogenous LH surge and hCG
administration would exert the same effect on ACE2
expression.

Another intriguing finding is the unique localization
pattern of ACE2 protein observed in human ovulatory folli-
cles. The initial induction of ACE2 staining was localized
evenly throughout the granulosa and theca cell layer during
the early ovulatory phase, and then the staining became
more intense and progressively more sporadic among cells
when the dominant follicle progressed toward ovulation
and transformed into the corpus luteum. The uneven, local-
ized staining of ACE2 did not appear in nonfollicular cells
such as endothelial cells or leukocytes when compared with
the PECAM1 staining pattern in serial sections of the same
follicle. Consistent with this finding, qPCR analysis of ACE2
mRNA levels showed little to undetectable levels of ACE2
mRNA in leukocytes compared with granulosa cells
(Supplemental Fig. 3). One possible explanation for this
unique localization pattern is that ACE2 exists in two
different forms, the membrane-bound form and the secreted
form (33). During the early ovulatory phase when the level
of ACE2 mRNA was rapidly up-regulated, ACE2 would
have been processed and expressed as a single-pass type I
membrane protein. Then, with the progression toward the
late and postovulatory phases, the enzymatically active
extracellular domain of ACE2 could be cleaved, released,
and aggregated onto specific cells or the area where the sub-
strates for ACE2 were present. This possibility needs to be
explored in future studies.

To explore the cellular mechanism underlying ovulatory
ACE2 expression, we used granulosa cells pooled from multi-
ple follicles of each patient obtained during IVF oocyte
retrieval. Despite the potential limitations of pooling granu-
losa cells that may have come from different development
stages of the follicle, these cells (hGLC) increased the expres-
sion of genes involved in the ovulatory process, including the
genes for PGR and EGF-like peptides, and the production of
progesterone and prostaglandins in response to hCG (28).
Similarly, consistent with the in vivo expression pattern,
hCG stimulatedACE2 expression in hGLC in vitro. This induc-
tion was completely inhibited by RU486, a dual antagonist of
PGR and NR3C1, and partially inhibited by CORT125281, a
selective antagonist of NR3C1. Our pilot study showed that
hCG increased NR3C1 expression and cortisol production in
hGLC (Supplemental Fig. 4). These data, taken together, indi-
cate that the up-regulated expression of ACE2 was mediated
by the actions of progesterone and glucocorticoids in granu-
losa cells of the ovulatory follicle. Similar to our findings from
granulosa cells, a recent study by Chadchan et al. (34) re-
ported that progesterone promoted ACE2 expression in the
endometrial stroma of both humans and mice. The existing
data on the regulation of ACE2 expression by glucocorticoids
or its receptor appear to be dependent on the cell types and
models tested (35, 36). Therefore, our findings of the regula-
tory mechanisms involved in ACE2 expression provide new
insights into the ovulatory process and valuable data that
may be useful in understanding SARS-CoV-2 infection in
reproductive-aged women.
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In normal physiology, ACE2 is best known for its ability
to hydrolyze Ang II to Ang-(1–7) (8, 9). Therefore, the marked
increases in ACE2 expression could mean a shift in the bal-
ance between Ang II and Ang-(1–7), reducing Ang II levels
while increasing Ang-(1–7) levels. Both Ang II and Ang-(1–
7) are present in the follicular fluid collected at the time of
IVF in women (18). Studies in animal models have shown
that Ang II and Ang-(1–7) stimulate steroid production, regu-
late blood flow, and promote oocyte maturation and ovula-
tion (20, 37–39). Therefore, the current findings showing
rapid induction of ACE2 expression in human ovulatory
follicles and high expression of ACE2 in cumulus cells
support the notion that Ang II/ACE2/Ang-(1–7) is likely
involved in cumulus expansion, oocyte maturation, and the
ovulatory process in the human ovary.

With the current global challenge of COVID-19, our find-
ings take on another level of significance, sinceACE2 serves as
a primary entry receptor for SARS-CO-2. A recent study re-
ported ACE2 expression in oocytes, cumulus cells, and gran-
ulosa cells collected from patients at the time of IVF
procedure (40). In this study, the expression of TMPRSS2,
CD147, and CTSL was also documented in these ovarian cells
as factors involved in SARS-CoV-2 infection (40). Therefore,
our currentfindings showing the rapid and dramatic induction
of ACE2 expression, together with the findings from the pre-
vious study (40), offer a compelling possibility that the ovary
could be a target of SARS-CoV-2, being particularly vulner-
able during the periovulatory period. In the scenario of
SARS-CoV-2 infection in the ovary, this virus could have a
negative impact on female fertility, not only by blocking the
physiological action ofACE2necessary for oocytematuration,
ovulation, and corpus luteum formation, but also by destroy-
ing mature oocytes and ovulatory follicles. In support of these
possibilities, Orvieto et al. (41) reported that the proportion of
top-quality embryos was significantly reduced in couples un-
dergoing consecutive IVF cycles after recovering fromCOVID-
19 infection compared with the proportion before the infec-
tion. Therefore, it will be vital to give adequate attention to
the reproductive health of women who have had COVID-19
infection and to provide appropriate precautions and
screening to women seeking IVF treatment. Once more data
and information become available, it will be of great interest
to assess the impact of COVID-19 infection on female fertility.
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ORIGINAL ARTICLE: REPRODUCTIVE ENDOCRINOLOGY
Sobre-regulaci�on ovulatoria de la enzima convertidora de angiotensina 2, un receptor para SARS-CoV-2, en folículos dominantes del
ovario humano.

Objetivo: Determinar la expresi�on temporal de la enzima convertidora de angiotensina 2 (ACE2), un receptor para SARS-CoV-2, en los
folículos dominantes de mujeres a trav�es del periodo periovulatorio y los mecanismos regulatorios subyacentes de la expresi�on de ACE2
en c�elulas de la granulosa/luteínicas humanas (hGLC).

Dise~no: Estudio clínico prospectivo experimental e investigaci�on en laboratorio.

Lugar: Centro M�edico Universitario y centro de fertilizaci�on in vitro privado.

Paciente(s): 30 mujeres premenopa�usicas sometidas a cirugía para ligadura tub�arica y 16 mujeres premenopa�usicas sometidas a
fecundaci�on in vitro.

Intervencion(es): Administraci�on de gonadotropina cori�onica humana (hCG) y aspiraci�on de folículos preovulatorios y ovulatorios
mediante programaci�on con laparoscopia y recolecci�on de c�elulas de granulosa/teca y c�elulas del cumulus al momento de la aspiraci�on
ovocitaria.

Resultado(s) principal(es) medible(s): Expresi�on y localizaci�on de ACE2 en c�elulas de la granulosa y en folículos dominantes recol-
ectados a trav�es del periodo periovulatorio del ciclo menstrual y en hGLC usando reacci�on de la cadena de polimerasa cuantitativa,
inmunoblotting e inmunohistoquímica.

Resultado(s): La expresi�on de ACE2 (ARNm y proteína) est�a sobre-regulada en los folículos ovulatorios humanos despu�es de la admin-
istraci�on de hCG. La expresi�on de ACE2 fue mayor en c�elulas del c�umulus que en c�elulas de la granulosa. La hCG aument�o la expresi�on
de ACE2 en los cultivos primarios de hGLC; el incremento fue inhibido por RU486 (antagonista para los receptores de progesterona y
glucocorticoides) y por CORT125281 (antagonista selectivo del receptor de glucocorticoides), pero no por el AG1478 (inhibidor tirosina
quinasa del receptor EGF) ni por la dexametasona.

Conclusion(es): La regulaci�on hormonal de la expresi�on de ACE2 en las c�elulas de la granulosa sugieren un rol potencial de ACE2 en el
proceso ovulatorio. Estos datos tambi�en implican el posible impacto de la COVID-19 en un evento cíclico vital de la funci�on ov�arica y
tambi�en en la salud reproductiva de las mujeres. Sin embargo, no se ha determinado a�un la presencia de infecci�on por SAR-CoV-2 en
c�elulas ov�aricas in vivo o in vitro.
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